We have examined the regulation of somatostatin gene expression by cAMP in PC12 rat pheochromocytoma cells transfected with the rat somatostatin gene. Forskolin at 10 jIM caused a 4-fold increase in somatostatin mRNA levels within 4 hr of treatment in stably transfected cells. Chimeric genes containing the somatostatin gene promoter fused to the bacterial reporter gene encoding chloramphenicol acetyltransferase were also induced by cAMP in PC12 cells. To delineate the sequences required for response to cAMP, we constructed a series of promoter deletion mutants. Our studies defined a region between 60 and 29 base pairs upstream from the transcriptional initiation site that conferred cAMP responsiveness when placed adjacent to the simian virus 40 promoter. Within the cAMP-responsive element of the somatostatin gene, we observed an 8-base palindrome, 5'-TGACGTCA-3', which is highly conserved in many other genes whose expression is regulated by cAMP. cAMP responsiveness was greatly reduced when the somatostatin fusion genes were transfected into the mutant PC12 line A126-1B2, which is deficient in cAMPdependent protein kinase 2. Our studies indicate that transcriptional regulation of the somatostatin gene by cAMP requires protein kinase 2 activity and may depend upon a highly conserved promoter element.
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Somatostatin is a 14-amino acid peptide that modulates the secretion of other regulatory peptides in the pituitary, pancreatic islets, and gastrointestinal tract. Somatostatin secretion is increased by agents that stimulate adenylate cyclase activity, including vasoactive intestinal peptide (VIP) (1), glucagon (2) , and epinephrine (3) , suggesting that cAMP is a second messenger for somatostatin release. cAMP also regulates somatostatin biosynthesis in primary cultures of fetal rat hypothalamic cells and in clonal isolates of NIH-3T3 fibroblast cells transfected with the rat somatostatin gene (4) . To examine the molecular basis of cAMP regulation of the rat somatostatin gene, we have transfected the gene into the neuroendocrine cell line PC12.
PC12 cells, derived from a rat pheochromocytoma (5) , synthesize a variety of neuropeptides, including neurotensin and neuropeptide Y (6) . These cells provide a particularly useful model in which to evaluate the effects of cAMP on gene expression. Several genes normally expressed in PC12 cells, including the tyrosine hydroxylase gene (7), c-fos (8) , and possibly the ornithine decarboxylase gene (9) , are transcriptionally regulated by cAMP. Additionally, mutant PC12 cell lines that are deficient in cAMP-dependent protein kinases have recently been characterized (10) . These kinases have been proposed to mediate many of the transcriptional effects of cAMP (11) .
In the present study we show that somatostatin gene expression is regulated by cAMP in stably transfected PC12 cells. To test the hypothesis that regulation of somatostatin expression by cAMP depends on specific promoter sequences, we have transfected PC12 cells with a series of fusion genes containing portions of the somatostatin promoter linked to the bacterial reporter gene encoding chloramphenicol acetyltransferase (CAT) . The role of cAMP-dependent protein kinase type 2 in mediating the effects of cAMP on gene expression was determined by comparing the activity of the somatostatin promoter in wild-type and A126-1B2 mutant PC12 cells. The (14) , and the cells were plated directly in DMEM. Two days later, the neomycin analogue G418 was added to the medium, and resistant colonies were isolated after 2 to 3 weeks of selection. Colonies were individually analyzed for production of immunoreactive somatostatin according to published techniques (15 (19) . S1-nuclease analysis demonstrated that the 5' terminus of the somatostatin mRNA mapped to the same position in PC12 and Ca-77 cells (Fig. 1A) . These results indicate that PC12 cells use the normal transcriptional initiation site for expression of the foreign somatostatin gene.
Forskolin, a direct activator of adenylate cyclase, was used to examine cAMP responsiveness of the transfected somatostatin gene. Transfected PC12 cells treated with 10 ,M forskolin over a 4-hr period increased their levels of somatostatin mRNA 4-fold (Fig. 1B) The constitutive level of expression of plasmid A(-750) was about 3% of the level of pRSV-CAT. The basal expression of CAT under the control of either the somatostatin or Rous sarcoma virus promoter was proportional to the amount of DNA transfected up to 40 ,ug, the highest amount tested. As shown in Fig. 2 , forskolin increased CAT activity 7.5-fold in the transfected PC12 cells at all concentrations of A(-750) tested. In contrast, forskolin had no effect on pRSV-CAT expression.
To delineate the sequences in the somatostatin promoter responsible for induction by cAMP, we progressively deleted sequences from the 5'-flanking region of plasmid A(-750). CAT activity derived from A(-250) and A(-71) was induced 8-to 10-fold in response to forskolin (Fig. 3) . In contrast, the induction of CAT activity in A(-48) after forskolin treatment was only 2-fold. There were no differences in the basal levels of CAT activity among A(-750), A(-250), A(-71), and A(-48). These results suggest that the 5' boundary of the cAMP-responsive element is located between 71 and 48 nucleotides upstream from the somatostatin transcriptional initiation site.
?ttt *t * * ee e.* *e (Fig. 4A) . This construction, which is based on the plasmid pA10-CAT2 (17) (Fig. 4B) . In contrast, cells transfected with the parental vector pA1O-CAT2 increased their level of CAT expression by only 1.5-fold after forskolin treatment (data not shown).
Within the somatostatin gene portion of A(-60/-29), we observed a palindrome (5'-CTGACGTCAG-3'), which is highly conserved in a number of other cAMP-responsive genes (see Discussion and Table 1 ). To determine whether the conserved palindrome contained sufficient information to allow responsiveness to CAMP, we constructed a doublestranded 14-mer containing the sequence -CTGACGTCAGflanked by BamHI restriction sites. The synthetic oligonucleotide was inserted into pAlO-CAT2, 135 bases upstream from the SV40 transcriptional initiation site. This construction was designated A(-49/-39). In contrast to A(-60/-29), CAT activity derived from A(-49/-39) was not induced by forskolin. Therefore, the 10-base palindrome does not appear to be sufficient for cAMP responsiveness.
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DISCUSSION
Our studies define an element within the 5'-flanking region of the rat somatostatin gene that is required for regulation by cAMP. This 31-bp element confers cAMP inducibility when placed upstream from the SV40 promoter, which is not normally regulated by cAMP. Comparison of the cAMPresponsive sequence within the somatostatin gene to sequences near the promoters of several other genes known to be regulated by cAMP reveals a highly conserved palindrome, 5'-TGACGTCA-3' (Table 1 Although the palindrome is a component of the regulatory region of many cAMP-responsive genes, it is not in itself sufficient for cAMP inducibility. The somatostatin-CAT fusion gene A(-48) contains the palindrome but is considerably less responsive than A(-71), A(-250), or A(-750). Furthermore, a 10-bp DNA fragment representing only the palindrome does not confer cAMP inducibility when placed upstream of the SV40 promoter. The palindrome is frequently flanked at its 5' end by a G+C-rich domain and at its 3' end by sequences containing the dinucleotide AG (Table 1) . These flanking sequences may be necessary for cAMP responsiveness.
It is possible that the element we have identified binds a specific transcription factor whose level or binding affinity is regulated by cAMP. Alternatively, cAMP could act through a different element in the somatostatin gene (the polymerase 2 binding site, for example) that is dependent on the palindrome or adjacent sequences for maximal activity. Studies using A126-1B2 cells indicate that cAMP-dependent protein kinase activity may be necessary for regulation of somatostatin gene expression by cAMP. There are two mechanisms by which cAMP-dependent protein kinase might activate gene expression. First, the regulatory subunit of cAMP-dependent protein kinase may influence gene expression directly. In response to cAMP, the regulatory subunits dissociate from the catalytic subunits and appear to be transported into the nucleus (33). Constantinou et al. (34) have reported that the type 2 regulatory subunits possess topoisomerase activity and may regulate gene expression by altering chromatin structure near or within responsive genes. Alternatively, cAMP may stimulate gene transcription by phosphorylation of a protein intermediate. Free catalytic subunit microinjected into hepatoma cells, for example, causes an increase in tyrosine aminotransferase biosynthesis (35) . Our results with the mutant PC12 line A126-1B2 support the hypothesis that cAMP-dependent protein kinase type 2 is required for cAMP-induced effects on eukaryotic gene expression. The present study does not distinguish between effects mediated by the catalytic or regulatory subunits, however.
In bacteria, cAMP binds to catabolite repressor protein, and this complex regulates gene expression directly by interacting with specific DNA sequences. Our observations suggest that transcriptional regulation of eukaryotic gene expression by cAMP may also involve conserved promoter sequences. However, the palindrome is not found near the promoters of several eukaryotic genes known to be responsive to cAMP (e.g., growth hormone, prolactin). There may therefore be multiple mechanisms by which cAMP regulates gene expression in eukaryotes.
